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I. REMEMBRANCE AND RECENT WORKS

We are interested in the LFV process νµN
CC−−→ τX at a beam front of a neutrino oscillation experiment (and maybe

also at the far site). This work can be positioned as a sequel to our paper[1] in which we thought about a search

for the charged lepton flavour violating process µN
NC−−→ τX at the beam dump of a muon storage ring. The main

difficulty in the search was the miss-identification of the signal (tau-induced muon) with a huge number of muons
which are induced by the electromagnetic interaction. With the CC process, we expect to avoid this difficulty.

Let us remember a bit on the charged LFV (NC) process. The charged lepton process µN → τX is originally
proposed by Ref.[2], in which the authors introduced the effective interactions for the process and pointed out that
the coupling of the scalar mediation was only loosely constrained from the flavour violating tau lepton decays. In
our study[1], we specified the model as the SUSY-based two Higgs doublet model (type III). There is also a paper
on this topic[3]. The authors assumed the leptoquark mediation behind the effective interaction and showed that the
interaction which couples to the both first and second generation quarks were loosely constrained only by the νµN →
τX search at the neutrino experiments NOMAD/CHORUS (Actually, the LFV CC process has been considered and
been experimentally tested in the neutrino oscillation experiments!). The authors also thought about the experimental
setup to detect tau leptons and the method of the background rejection.

The detection of the CC LFV interactions has been recently studied in the context of the neutrino oscillation
experiments (see e.g., Ref.[4–7]. For the current bounds, see Ref.[8]). Although the authors of Ref.[4] were interested
in the same interactions as ours, they did not consider the tau detection at the near detector. They tried to find the
interaction as a non-standard oscillation signal in the νµ disappearance channel at the near and the far detectors1.
The paper Ref.[5] dealt with the implementation of near detectors into the realistic simulation of neutrino oscillation
experiments. I think that the paper included the most advanced treatment of a near detector of a neutrino oscillation

∗Electronic address: Toshihiko.Ota@physik.uni-wuerzburg.de
1 For the NSI in matter (ǫm), the neutrino factory without tau detection is enough for the tau-associated NSI[9]. Here, we expect that

the tau detection (especially at a near site) may help to find the NSI in source and detection (ǫs,d).
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experiment. Although the main interest of the paper was the impact of a near detector on the standard oscillation
parameter search, the authors also mentioned the NSI search at the near site, which is basically the same as what
we want to do. However, in Refs.[5–7], the author did not touch to the concrete method to detect tau leptons and
assumed an imaginary OPERA-like detector. Maybe, we should specify the detector setup and clarify the method to
detect the tau lepton, and also make a (toy) simulation for checking the background reduction etc.

II. THEORETICAL ASPECTS

We are interested in the search for the lepton flavour violating charged current process νµN → τ−X at a near
detector in a neutrino oscillation experiment. Here, let us specify the situation a little bit concrete: We will search
for the process at a near detector in a pion-decay based muon neutrino beam (superbeam) experiment, i.e.,

Source: π+ → µ+ν (1)

Detection: νN → τ−X. (2)

This series of the processes can be described by the following exotic effective four-fermion interactions which are
parametrized with the same way as the neutrino non-standard interactions at source and detection[10, 11]:

LSM =
GF√

2
V ∗

ud[ν̄
αγρ(1 − γ5)ℓα][d̄γρ(1 − γ5)u], (3)

LNSI =
GF√

2
V ∗

ud(EV ∓A)β
α
[ν̄βγρ(1 − γ5)ℓα][d̄γρ(1 ∓ γ5)u]

+
GF√

2
V ∗

ud(ES∓P )β
α
[ν̄β(1 + γ5)ℓα][d̄(1 ∓ γ5)u]

+
GF√

2
V ∗

ud(ET )β
α
[ν̄βσρσℓα][d̄σρσu], (4)

where the parameter E is defined as the ratio between the coupling of the non-standard interactions and that of the
charged current interaction in the standard model (SM), which is shown in Eq.(3).

With the exotic interactions shown in Eq.(4), there are two ways to induce the LFV process described by Eqs.(1)
and (2).

1. The pion at the source decays into a tau neutrino through an exotic interaction, and it hits the detector and
makes a tau lepton:

Source: π+ (E)τ
µ

−−−−→ µ+ντ (5)

Detection: ντN
SM CC−−−−→ τ−X. (6)

2. The muon neutrino produced by the pion decay at the beam source hits the detector and makes a tau lepton
through an exotic interaction:

Source: π+ SM CC−−−−→ µ+νµ (7)

Detection: νµN
(E†)τ

µ

−−−−→ τ−X. (8)

Therefore, the flavour structures which concern with the process are only

(E)τ
µ

for source and (E)µ
τ

for detection. (9)

They are, in general, independent and complex parameters. If we have the both of them, two non-standard amplitudes
interfere with each other, and we have a chance to see the combination of the CP violating phases of the new physics
parameters.

A. Examples of model

In this subsection, we will see some examples of the theoretical motivation for the effective interactions Eq.(4).
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1. TeV seesaw, Inverse seesaw: (V − A)

If a model includes some neutral fermions which mix with neutrinos, the PMNS matrix should be extended and
consequently 3× 3 part of the PMNS matrix for the active neutrinos will be non-unitary. One of the typical example
is the ordinal seesaw mechanism with right-handed neutrinos which have the masses of M ∼ O(1010) GeV. However,
the non-unitarity in this framework is negligible (suppressed by the large scale M). There are some attempt to set the
heavy right-handed neutrino scale on the TeV scale — TeV seesaw, and one of its implementation is called the inverse

seesaw[12–14]. The neutral fields which mix with the neutrinos can also be neutralinos in R-parity violating SUSY,
KK-modes in extra dimension model, and so on. There is a number of studies on the extended seesaw mechanism.

Here, we follow the simple scenario with right-handed singlet/triplet fermions adopted in Sec.2.1/Sec.2.3 in Ref.[15].
If we have such fermions and form Yukawa interaction with the lepton doublet (Eqs.(6) and (48) in Ref.[15]), we have
the non-unitary PMNS matrix N (Eqs.(18) and (65) in Ref.[15]). The modified gauge interactions are shown in
Eqs.(15) and (59) in Ref.[15]2. Note that in the singlet case, the neutral current interaction with charged leptons does
not change from the SM case (see LNC of Eq.(15) in Ref.[15]), i.e., when we take singlet right-handed neutrinos, we
do not have the correlation between the CC LFV process νµN → τ−X and the NC LFV process µ−N → τ−X . The
E parameter can be expressed with the parameters of Ref.[15] as

(EV −A)β
α

= δβα − 1

2
(ǫN†)βα in Ref.[15] for singlet, (10)

(EV −A)β
α

= δβα +
1

2
(ǫΣ†)βα in Ref.[15] for triplet. (11)

The total amplitude of the series of the processes described by Eqs.(1) and (2) is written as

Asignal =
∑

α

〈τ−X |iL |N〉|να〉〈να|〈µ+|iL |π+〉

=〈τ−X |iLSM|N〉|ντ 〉〈ντ |〈µ+|iLNSI|π+〉 + 〈τ−X |iLNSI|N〉|νµ〉〈νµ|〈µ+|iLSM|π+〉
+

∑

α

〈τ−X |iLNSI|N〉|να〉〈να|〈µ+|iLNSI|π+〉

=
[

(EV −A)τ
µ

+ (EV −A†)τ
µ
]

〈µ−X |iLSM|N〉|νµ〉〈νµ|〈µ+|iLSM|π+〉 + O(E2), (12)

where LSM is the SM CC four-fermion effective interaction Lagrangian Eq.(3), and LNSI is the non-standard neutrino
interactions which violate the lepton flavour as shown in Eq.(4). At the final step, we neglect the effect of the charged
lepton mass in the final state of the DIS process νN → ℓX . The rate of this process is calculated as the square of the
amplitude, that is

|Asignal|2 =
∣

∣

∣
(EV −A)τ

µ
+ (EV −A†)τ

µ
∣

∣

∣

2
∣

∣〈µ−X |iLSM|N〉|νµ〉
∣

∣

2 ∣

∣〈νµ|〈µ+|iLSM|π+〉
∣

∣

2
+ O(E3)

=
∣

∣

∣
(EV −A)τ

µ
+ (EV −A†)τ

µ
∣

∣

∣

2

Γ(π+ SM CC−−−−→ µ+νµ)σ(νµN
SM CC−−−−→ µ−X) + O(E3). (13)

The ratio between the event and the SM CC event is simply expressed with the parameter E as3

Nsignal

NSM CC
=

|Asignal|2
|ASM CC|2

=
∣

∣

∣
(EV −A)τ

µ
+ (EV −A†)τ

µ
∣

∣

∣

2

. (14)

In the massless limit of leptons, the signal and the SM CC events take the same energy dependence — the ratio
becomes just a constant in energy. The constraints to the parameter E associated with the tau and mu flavours are
given in Refs.[18] and [15]. The results are summarized at Eq.(81) and Eq.(123) in Ref.[15].

2 There is an attempt to solve the NuTeV anomaly with this modified gauge interactions, see Ref.[16, 17]
3 When we have the flavour diagonal element of the parameter E, the observed CC rate is shifted from the calculated rate in the SM. Here

we do not take into account it.
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Nsignal

NSM CC
=

∣

∣

∣
(EV −A)τ

µ
+ (EV −A†)τ

µ
∣

∣

∣

2

= |(NN †)τµ|2 in Ref.[15] .1.0 · 10−4 for singlet, (15)

.1.4 · 10−6 for triplet. (16)

A large value of the parameter E such as 10−3 is motivated by the inverse seesaw scenario (see e.g., Appendix C
in Ref.[15]). The parameter E should be correlated to the neutrino mass texture[6, 7, 19], LFV processes[15, 18],
non-standard neutrino oscillation signal[20–24], the leptogenesis scenario[25, 26], and also the collider signature of
right-handed neutrinos[27–30].

2. Leptoquarks: (V − A), (S ∓ P ), T

Leptoquarks are the way often taken to understand the effective interactions with leptons and quarks, which could
be remnants of GUT theories. Among the list of the leptoquarks shown in the original paper[31], the relevant ones
for the process are

S1, S3, V2, R2, U1. (17)

Please see Ref.[32] also, in which the authors studied the effects of leptoquarks in a neutrino oscillation experiment
(but flavour diagonal part).

Here, let us see some examples in the following.

1. S1 mediation with g1L

When we introduce the interaction with the scalar leptoquark S1,

LF=2 =(g1L)αQciτ2LαS1 + H.c., (18)

we obtain the following effective four fermion interactions,

iLeff = − i
(g∗1L)τ (g1L)µ

4M2
S1

[

(L
τ
γρLµ)(QγρQ) − (L

τ
γρ~τLµ)(Qγρ~τQ)

]

= − i
(g∗1L)τ (g1L)µ

8M2
S1

[

[ν̄τγρ(1 − γ5)νµ][d̄γρ(1 − γ5)d] + [τ̄γρ(1 − γ5)µ][ūγρ(1 − γ5)u]

− [τ̄ γρ(1 − γ5)νµ][ūγρ(1 − γ5)d] − [ν̄τγρ(1 − γ5)µ][d̄γρ(1 − γ5)u]
]

. (19)

We have again the (V − A)(V − A) Lorenz structure, and the ratio between the signal and the SM CC event
becomes a constant in energy. The coupling is constrained by the flavour violating tau lepton decay. The typical
size can be read from Ref.[33],

GF V ∗
ud√

2
(EV −A)τ

µ
=

GF Vud√
2

(EV −A†)τ
µ

=
(g∗1L)τ (g1L)µ

8M2
S1

.
1

(10[TeV])2
. (20)

From this, we can roughly estimate the ration between the signal and SM CC event, which may be

Nsignal

NSM CC
=

∣

∣

∣
(EV −A)τ

µ
+ (EV −A)τ

µ
∣

∣

∣

2

. 10−6. (21)

More accurate number will be shown in somewhere.

2. V2 mediation with g2L and g2R

Let us see another example in which we will have an effective interaction with the other Lorentz structure than
(V − A)(V − A). Here we take the interactions with the vector leptoquark V2,

LF=2 =
[

(g2L)αdc
RγρLα + (g2R)αQcγρeRα

]

V2ρ + H.c.. (22)
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This mediates the (S − P ) type effective interaction,

iLeff =i
2(g∗2L)µ(g2R)τ

M2
V

(L̄µPRτ)(d̄PLQ) + i
2(g∗2L)τ (g2R)µ

M2
V

(L̄τPRµ)(d̄PLQ) + H.c.

=i
(g∗2L)µ(g2R)τ

2M2
V

[

[ν̄µ(1 + γ5)τ ][d̄(1 − γ5)u] + [µ̄(1 + γ5)τ ][d̄(1 − γ5)d]
]

+ i
(g∗2L)τ (g2R)µ

2M2
V

[

[ν̄τ (1 + γ5)µ][d̄(1 − γ5)u] + [τ̄(1 + γ5)µ][d̄(1 − γ5)d]
]

+ H.c.. (23)

We can read off the parameters ES−P from this effective Lagrangian, which are

(ES−P )µ
τ

=

√
2

GF V ∗
ud

(g∗2L)µ(g2R)τ

2M2
V

, (ES−P )τ
µ

=

√
2

GF V ∗
ud

(g∗2L)τ (g2R)µ

2M2
V

. (24)

Although the bound for the scalar part of the effective interactions is rather slack[33], we have to take into
account the stringent constrained to the pseudo-scalar part, and finally the typical size of the signal should
roughly be the same as Eq.(21). However, there is a crucial difference from the (S1 mediated) (V − A) type
interaction: The energy and angular dependence of the signal event should differ from those of the SM CC event
because of their Lorentz structure. It may be helpful to discriminate the signal from backgrounds.

Note on the difference in the Lorentz structure:

The S − P interaction in a pion decay gets the enhancement factor (see Eq.(21) in Ref.[34]),

ωµ =
mπ

mµ

mπ

mu + md
. (25)

Since the amplitude for the detection process takes the different energy dependences depending on its Lorentz struc-
ture, we cannot simply factor out it as we did in Eq.(12). The rate of the process is calculated to be

|Asignal|2 =
∣

∣

∣
ωµ(ES−P )τ

µ〈τ−X |iLSM|ντN〉 + (ES−P†)τ
µ〈τ−X |iLS−P |νµN〉

∣

∣

∣

2
∣

∣〈νµµ+|iLSM|π+〉
∣

∣

2

=
∣

∣

∣
ωµ(ES−P )τ

µ〈τ−X |iLSM|ντN〉 + (ES−P†)τ
µ〈τ−X |iLS−P |νµN〉

∣

∣

∣

2

Γ(π+ → µ+νµ), (26)

where LS−P is the effective Lagrangian with the S−P Lorentz structure, which is shown in Eq.(4) but the parameter
E is factored out,

LS−P =
GF√

2
V ∗

ud[ν̄
µ(1 + γ5)τ ][d̄(1 − γ5)u] + H.c.. (27)

Finally, the ratio between the signal and the SM CC event can be written as

Nsignal

NSM CC
=

∣

∣ωµ(ES−P )τ
µ〈τ−X |iLSM|ντN〉 + (ES−P†)τ

µ〈τ−X |iLS−P |νµN〉
∣

∣

2

|〈µ−X |iLSM|νµN〉|2
. (28)

In the massless limit of leptons and partons, the interference term disappears, and it can be reduced to

Nsignal

NSM CC
=ω2

µ

∣

∣

∣
(ES−P )τ

µ
∣

∣

∣

2

+
∣

∣

∣
(ES−P†)τ

µ
∣

∣

∣

2 |〈τ−X |iLS−P |νµN〉|2

|〈µ−X |iLSM|νµN〉|2
(29)

=ω2
µ

∣

∣

∣
(ES−P )τ

µ
∣

∣

∣

2

+
∣

∣

∣
(ES−P†)τ

µ
∣

∣

∣

2
∫

dxdy
[

xfd(x)y2 + xfū(x)y2
]

4
∫

dxdy [xfd(x) + xfū(x)(1 − y)2]
(30)

The cross sections with a proton are calculated to be

dσ

dxdy
(νP

V −A−−−→ ℓX) =
G2

F |Vud|2
π

s
[

xfd(x) + xfū(x)(1 − y)2
]

, (31)

dσ

dxdy
(νP

S−P−−−→ ℓX) =
G2

F |Vud|2
4π

s
[

xfd(x)y2 + xfū(x)y2
]

. (32)

The result for the (V −A) type interaction can be found in a textbook, e.g., Eq.(17.35) in Peskin and Schroeder. The
derivation will be written somewhere.
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3. R-parity violating SUSY: (S − P ), (V − A)

A SUSY model without R-parity includes the following additional superpotential (see e.g., Eq.(2.2) in Ref.[35]),

W�R =
1

2
λαβ

γ L̂αL̂βÊγ + λ′αβ
γ L̂αQ̂βD̂γ + · · · . (33)

From this superpotential, the R-parity violating Yukawa interactions are induced (Eqs.(2.7) and (2.8) in Ref.[35]),

Lλ = − 1

2
λαβ

γ

[

ν̃αℓ̄γPLℓβ + ℓ̃Lβ ℓ̄γPLνα + ℓ̃
∗γ
R νc

αPLℓβ − (α → β)
]

+ H.c.,

Lλ′ = − λ′αβ
γ

[

ν̃αd̄γPLdβ + d̃Lβ d̄γPLνα + d̃
∗γ
R νc

αPLdβ − ℓ̃Lαd̄γPLuβ − ũLβd̄γPLℓα − d̃
∗γ
R ℓc

αPLuβ

]

+ H.c.. (34)

The left-handed slepton mediates the (S − P ) interaction (interactions with blue colour in Eq.(34))

iLeff =i
(λ∗)τ

iµλ′i1
1

4M2
ℓ̃Li

[ν̄µ(1 + γ5)τ ][d̄(1 − γ5)u] + i
(λ∗)µ

iτλ′i1
1

4M2
ℓ̃Li

[ν̄τ (1 + γ5)µ][d̄(1 − γ5)u] + H.c.. (35)

Assuming the sneutrino mass is the same as the left-handed slepton mass, we can read the typical size of the coupling
from the bound given in Ref.[35] (Eq.(6.104)),

(ES−P )µ
τ

=

√
2

GF

(λ∗)τ
iµλ′i1

1

4M2
ℓ̃Li

. 5.2 · 10−3, (ES−P )τ
µ

=

√
2

GF

(λ∗)µ
iτ λ′i1

1

4M2
ℓ̃Li

. 5.2 · 10−3. (36)

Although this should be updated, the typical size of the ratio between the signal and the SM CC events seems to be
O(10−6) again. The NSI in the pion decay is enhanced by ω2

µ, but I think, it is constrained from another process

(with pion) and finally the ratio should not be as large as O(10−4) or so.
We also have the possibility to obtain the (V − A) type interaction from the interactions shown with green colour

in Eq.(34),

iLeff =i
(λ′)α1

i (λ′∗)i
β1

8M2
d̃Ri

[ν̄βγρ(1 − γ5)ℓα][d̄γρ(1 − γ5)u], (37)

and

(EV −A)β
α

=

√
2

GF

(λ′)α1
i (λ′∗)i

β1

8M2
d̃Ri

, (38)

which is expected to be constrained by the lepton flavour violating tau decay at the same level as the S1 leptoquark
mediation. I will check the precise number.

4. Two Higgs doublet model type III: (S ∓ P )

If the both two of the Higgs doublets couple to the lepton doublets (so-called type III two Higgs doublet model),
the Higgs bosons can mediate the lepton flavour violating processes.

We assume the following structure of the Yukawa interactions which is also motivated from the models like MSSM
(see e.g. Refs.[36–38]),

−LYukawa =ℓR
a
[

(Yℓ)aδb
a(Φ1)i +

[

Yℓa(ǫL)a
b
+ (ǫR)a

b
Yℓb

]

(Φ2)i

]

(iτ2)ij(Lb)j . (39)

After the re-diagonalization of the mass matrix for charged leptons, we obtain the flavour violating interactions

−LLFV =

√
2mτ

v cos2 β

[

(κL)τ
β
τ̄PLνβ + (κR)β

τ
ℓ̄βPLντ

]

H− + (neutral Higgs) + H.c., (40)

where

(κL/R)α
β ≃ (ǫL/R)α

β

[

1 + [(ǫL)τ
τ

+ (ǫR)τ
τ
] tan2 β

] ≃ (ǫL/R)α
β
. (41)



7

As shown in Fig.A.19 (c) in Ref.[39], we have the following Higgs-quark-quark coupling

LudH± =
1√
2v

[

(md tan β + mu cotβ)(ūd) + (md tanβ − mu cotβ)(ūγ5d)
]

H+ (42)

The effective four fermion interaction for the detection process νµN → τX is

iLeff = −i
1

2M2
H±

mτ

v2 cos2 β
(κL)τ

µ
[τ̄ (1 − γ5)νµ]

[

mdi tan β[ūi(1 + γ5)di] + mui cotβ[ūi(1 − γ5)di]
]

, (43)

and we also have the effective interaction which affects the pion decay process at the neutrino beam source,

iLeff = −i
1

2M2
H±

mτ

v2 cos2 β
(κR)µ

τ
[µ̄(1 − γ5)ντ ]

[

(mdi tan β)(ūi(1 + γ5)di) + mui cotβ(ūi(1 − γ5)di)
]

, (44)

and the parameter ES∓P can be read off from these Lagrangians, which are

(ES−P )τ
µ

=

√
2

2GF M2
H±

mτmdi tan β

v2 cos2 β
(κR†)τ

µ
, (ES+P )τ

µ
=

√
2

2GF M2
H±

mτmui cosβ

v2 cos2 β
(κR†)τ

µ
, (45)

(ES−P†)τ
µ

=

√
2

2GF M2
H±

mτmdi tan β

v2 cos2 β
(κL)τ

µ
, (ES−P†)τ

µ
=

√
2

2GF M2
H±

mτmui cotβ

v2 cos2 β
(κL)τ

µ
. (46)

Although these LFV parameters are constrained in a large parameter region by τ → µγ in THDM, the strongest
bound in the SUSY-like limit is given by τ → µη[40] (Eq.(22) in Ref.[36]),

(ES−P )τ
µ

. 5.9 · 10−3
[ mdi

GeV

]

. (47)

The bound for down quarks is O(10−6). For strange quarks, the coupling is enhanced by the Yukawa coupling, and
the bound becomes

(ES−P )τ
µ

. 5.9 · 10−4. (48)

III. EXPERIMENTAL ASPECTS

• Backgrounds,

• Oscillation events as fake LFV signals

Pνµ→ντ
= sin2 2θ23 sin2 ∆m2

31L

4E
∼

[

∆m2
31L

4E

]2

= 1.0 · 10−7

[

10[GeV]

E

]2 [

L

1[km]

]2

. (49)

• Method of τ detection,

– OPERA-like — A huge number of CC muon exposes emulsion films

– ICARUS-like — Is it still realistic possibility?

– Decay muon track, Statistical cut Ref.[3]

• Method of Background cut,
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